A new physical model for a humidity-sensitive metal-insulator-semiconductor ͑MIS͒ capacitor with porous thin film is proposed. The model is used to determine water adsorption isotherm and calculate pore-size distribution of the film. The relative-humidity dependences of the capacitance and resistance of the film were measured. The effects of frequency on the dielectric constant of the film and the current of the MIS structure under various relative humidities were investigated.
I. INTRODUCTION
In the development of automatic control techniques, miniaturization of sensors and integration of sensing elements have become important issues. Their realization depends on investigation and exploitation of thin-film sensors on silicon substrates. Perovskite ͑ABO 3 ͒-type oxides, besides being used as high-permittivity dielectrics in nonvolatile memory, [1] [2] [3] have been extensively studied as sensing materials in recent years. [4] [5] [6] [7] [8] [9] [10] [11] Radio-frequency sputtering or argon ion-beam sputtering commonly found in integrated-circuit fabrication, were used to deposit barium titanate ͑BaTiO 3 ͒ 12,13 film on silicon wafer, and strontium lanthanum titanate (Sr 1Ϫx La x TiO 3 ) 14 or strontium titanate-niobate (SrNb x Ti 1Ϫx O 3 ) 15 film on SiO 2 /Si substrate. A metalinsulator-semiconductor ͑MIS͒ capacitor was then built as a humidity-sensing element. It is well known that these deposited films have a porous structure, 12 and their capacitances increase with relative humidity due to the fact that adsorbed water in the pores increases the dielectric constant of the materials. In this work, a physical model for water adsorption in porous film is proposed. The effect of adsorbed water on the capacitance of porous film, adsorption isotherm, poresize distribution of the film, and the humidity-sensitivity characteristics of the MIS structure are investigated, with Sr 1Ϫx La x TiO 3 film as an example.
II. EXPERIMENTS
N/n ϩ type silicon epitaxial wafer with ͑111͒ orientation and 0.3-0.6 ⍀ cm resistivity was used in this experiment. film with a 0.8 m thickness was deposited on the silicon substrate by argon-ion-beam sputtering under a vacuum of 1.33 mPa at room temperature, and then the wafers were annealed at 450°C for 20 min in nitrogen. The material chosen for the sputtering target was a sintered-type semiconducting ceramic. Aluminum evaporation and photolithographic processes were used to form a thin-film MIS capacitor, and then the back surface of the device was gold plated to form an ohmic contact ͑as shown in Fig. 1͒ . Finally, the device was heat treated at 400°C for 15 min in nitrogen, and attached to a header. A high-frequency ͑1 MHz͒ capacitance-voltage instrument was used to measure the capacitance of the device under various relative humidities ͑RHs͒, and a dc power supply was used to investigate the effects of RH on the resistance of the film. An ac power supply was chosen to measure the current of the device versus RH under various frequencies.
III. EQUIVALENT MODEL OF WATER ADSORPTION IN POROUS FILM
Generally, a humidity-sensitive porous ceramic film is considered to be composed of three portions, i.e., solid ceramic, absorbed and condensed water, and air. The equivalent model of the porous film in Fig. 2 is proposed to describe the humidity dependency of the sensor. Therefore, the total capacitance C of the MIS structure is given as follows:
a͒ Author to whom correspondence should be addressed. Electronic mail: laip@hkueee.hku.hk where nϭ2 and 3 for dry and wet conditions, respectively, and C s ϭdQ s /d⌿ s ͑charge change with the potential at the silicon surface͒. Since the surface layer is under accumula-
with W the thickness of the film, 0 the vacuum pemittivity, and ri and A i the dielectric constants and areas of the corresponding regions shown in Fig. 2 , respectively. For dry condition ͑RHϭ0%͒, the total capacitance of the MIS structure in Fig. 2͑a͒ with a total area A is calculated as
where rD is the effective dielectric constant of the porous film under dry conditions, and N 1 and N 2 are the area fractions of the two regions, respectively (N 2 is regarded as porosity of the film͒. Since r2 Ϸ1 and N 1 ϩN 2 ϭ1, Eq. ͑3͒ can be written as
͑5͒
As can be seen from Eq. ͑5͒, N 2 depends on rD and r1 . While rD can be obtained directly from C D ͓i.e., Eq. Under a relative humidity of RH, the capacitance of the wet film can be written as
where rW is the effective dielectric constant under wet conditions, and N 1 , N 2 Ј , N 3 are the corresponding area fractions shown in Fig. 2͑b͒ . With N 2 ϭN 2 ЈϩN 3 and assuming the volume of adsorbed water is (N 3 ϭ/WA), Eq. ͑6͒ can be written as
Since the dielectric constant of water ( r3 ϭ81) is much larger than that of air ( r2 Ϸ1), and hence C W increase with increasing RH. Based on Eq. ͑7͒, by measuring C D and C W as a function of RH, versus RH can be obtained. It is well known that physisorption includes capillary condensation and pore-wall adsorption. Condensation occurs in all the pores with radius up to r k given by the Kelvin equation ͑contact angleϭ0) 11, 16 
where ␥, m , T, and R stand for the surface tension, molar volume, absolute temperature, and gas constant, respectively. On the other hand, desorption is determined by a pore radius r k Ј (ϭ2r k ). 16 Since the thickness of adsorbed water on the pore wall is given by the Halsey equation: 17, 18 
where t 0 is the thickness of a single adsorption layer, the critical pore radius should be rϭtϩr k ͑ or r k Ј͒.
͑10͒
The logarithmic dependence of r k ͑or r k Ј) and t on RH implies that the increase of , rW , or C W with RH exhibits strong nonlinearity.
Using the above equivalent model for the Al/Sr 1Ϫx La x TiO 3 /SiO 2 /Si structure, the film capacitance (C F ) under various RH can be determined from where C T is the total capacitance which can be measured at high frequency; C OX is the capacitance of the SiO 2 layer which can be calculated by the device size and dielectric constant of SiO 2 ( rox ϭ3.9).
IV. RESULTS AND DISCUSSIONS
The deposited film of Sr 1Ϫx La x TiO 3 and its target material should be an n-type semiconducting polycrystalline ceramic, 11, 19 because the atomic radii of La 3ϩ (0.122 nm) and Sr 2ϩ (0.125 nm) are nearly the same and hence donor levels are formed in the band gap due to partial substitution of Sr 2ϩ by La 3ϩ in the target material. Moreover, since the substrate is not heated during film deposition and a low temperature is used for postdeposition annealing, single crystal or glass structure should not form in the deposited film. The chemical composition of the film is examined by Auger electron spectroscopy and the composition of La is found to be about 5%. Figure 3 shows that the effective dielectric constant ( rW ) of the Sr 1Ϫx La x TiO 3 film increases with RH. The desorption branch lies to the left of the adsorption one as RH changes from low to high and then back, and the maximum hysteresis is about 7%. The hesteresis loop should be related to pore-radius distribution, because according to Eq. ͑8͒, the Kelvin radius of desorption is twice that of adsorption under the same RH.
A. Effect of relative humidity on dielectric contant of Sr 1Àx La x TiO 3 film

B. Adsorption isotherm and pore-radius distribution of Sr 1Àx La x TiO 3 film
The adsorption isotherm of water for the Sr 1Ϫx La x TiO 3 film could be determined by Eq. ͑7͒, i.e.,
Using the experimental data in Fig. 3 , versus RH can be calculated and is shown in Fig. 4 . In the cyclindrical-pore model based on the desorption step, when relative humidity decreases from RH iϪ1 to RH i the volumes ⌬V i of pores with radius ranging from r iϪ1 to r i can be calculated by a recurrence formula [20] [21] [22] [23] 
where ⌬ i is the desorption amount of water at the ith desorption step, which includes vaporization of capillary condensation and thinning of the adsorption layer on the wall, with r i ϭr ki ϩt i ͓Eq. ͑10͔͒.
The increment ⌬ i can be determined by the desorption branch of the adsorption isotherm in Fig. 4 . In the calculation, ␥, m , t 0 , and R of water are taken to be 71 dyn/cm ͑at 30°C͒, 18 cm 3 /mol, 3 Å, and 8.31ϫ10 7 erg/K mol, respectively. Thus r ki , t i , and also ⌬V i (r i ) could be calculated by Eqs. ͑8͒, ͑9͒, and ͑13͒. The pore-volume distribution (⌬V i /⌬r i vs r͒ is shown in Fig. 5 . The results show that the film has high porosity (⌺⌬V i /AWϷ47.7%) and present a wide pore-size distribution, which are helpful for improving the humidity sensitivity characteristics. On the other hand, the total pore volume (7.5ϫ10 Ϫ8 cm 3 ) is slightly smaller than the value (7.8ϫ10 Ϫ8 cm 3 ) calculated by Eq. ͑5͒, because the RH range from 92% to 100% is not included in the experiment. 
C. Frequency effects on humidity sensitivity characteristics of AlÕSr 1Àx La x TiO 3 ÕSi structure
The influence of frequency on the current of the MIS capacitor under various relative humidities is shown in Fig.  6 . Theoretically, the current change with increasing frequency is nonmonotonous, and should be a combined effect of frequency increase and dielectric-loss increase on the impedance of the device. Based on a simple parallel resistor ͑R͒-capacitor ͑C͒ circuit model, the frequency f dependence of the impedance Z of the device is given by
By measuring R under various RH ͑as shown in Fig. 7͒ cover that the humidity hysteresis of current versus RH generally tends to be smaller with increasing test voltage, possibly due to the fact that Joule heating of the film accelerates evaporation of water.
V. CONCLUSIONS
A new physical model describing the humidity-sensitive MIS capacitor with porous thin film is proposed. The model can be used to determine the water adsorption isotherm and calculate pore-size distribution. Although deposited Sr 1Ϫx La x TiO 3 film presents a dielectric-loss increase at high frequencies, adsorbed water in the film does not enhance this loss for frequencies up to 1 MHz. The film exhibits superior humidity-sensitivity characteristics because its dielectric constant increases and its resistivity decreases with increasing RH. 
